Abstract Excess molar volumes, (V E m ), have been derived from the literature viscosity data for the binary mixtures of benzene with n-hexane, n-octane, n-decane, n-dodecane, ntetradecane, and n-hexadecane as a function of composition at 298.15 K and atmospheric pressure conditions. The V 
Introduction
Excess thermodynamic properties and deviations of nonthermodynamic ones from ideal behavior of binary liquid mixtures are fundamental for the design of industrial equipment and for the interpretation of the liquid state, particularly when polar components are involved [1] . These quantities have the advantage of illustrating the sign and magnitude of the nonideality [2] .
Volumetric properties of binary mixtures are complex properties because they depend not only on solute-solute, solvent-solvent and solute-solvent interactions, but also on the structural effects arising from interstitial accommodation due to the difference in molar volume and free volume between components present in the solution [3] .
Partial molar properties are useful in providing information about solute-solvent interactions. This is because at infinite dilution, solute-solute interactions disappear. Of course this information is of great interest because it is composition independent.
Alkanes are important series of homologous, nonpolar, and organic solvents. They have often been used in the study of solute dynamics because their physicochemical properties as a function of chain length are well-known [4] . They are also employed in a large range of chemical processes [5] .
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Properties such as viscosity or surface tension are required in many empirical equations for different operations such as mass and heat transfer processes. Determination of equations that modelize the mass transfer process requires knowledge of the density, viscosity, and surface tension of the liquid phase [6] .
The measurement of viscosity reveals information about the molecular packing, molecular motion, and various types of intermolecular interactions as related to size, shape, and chemical nature of the component molecules [7] .
In recent years, there has been considerable interest in theoretical and experimental investigations of the excess thermodynamic properties of binary mixtures [8, 9] .
Generally, V E m can be considered as a result of three types of interactions between component molecules of liquid mixtures [10, 11] .
(1) Physical interactions consisting mainly of dispersion forces or weak dipole-dipole interaction making a positive contribution, (2) chemical or specific interactions, which include charge transfer, H-bonding and other complex formation interactions, resulting in a negative contribution, and (3) structural contribution due to differences in size and shape of the component molecules of the mixtures, due to fitting of component molecules into each other's structure, hereby reducing the volume and compressibility of the mixtures, resulting in a negative contribution.
In a previous work by Akl et al. [12] , results of density and viscosity measurement were determined for binary mixtures of benzene ? n-alkanes at 298.15 K and atmospheric pressure. Excess molar volumes (V E m , excess molar viscosities (D lng), and excess molar activation energies, (DG *E ) were calculated. The effect of orientational order of n-alkane on solution molar volumes and viscosities is investigated as well as the adequacy of the absolute rate and free volume theories to predict solution viscosities. For longer n-alkane DG *E and D lng are positive and associated with the orientational order.
In the present work, the data of density and viscosity reported in the literature [12] have been used to evaluate the excess molar volume (V 
Theoretical analysis Excess molar volume
Excess molar volumes (V E m ), were calculated for the binary mixtures of benzene with n-hexane, n-octane, n-decane, ndodecane, n-tetradecane, and n-hexadecane using viscosity data by a correlation proposed by Singh [13] . According to the relation, the deviations in viscosity, Dg, and excess molar volumes, V E m , are related to each other as:
where, K is a fitting parameter. The values of K for the investigated mixtures were evaluated using the experimentally reported Dg and V E m data [12] (Table 1) . From the experimental Dg data, V E m values at the whole mole fraction range were calculated at 298.15 K and results were presented in Table 2 . ) at benzene mole fraction (x 1 ) range (0.39880-0.43415) as chain length increases, indicating volume expansion upon mixing of higher n-alkanes with benzene. With increasing size of n-alkanes, volume expansion will be larger, indicating dispersion type of interactions between the component liquids [14] .
The volumetric behavior of this class of mixtures could be explained by random mixing model [15] , and the interaction between benzene and n-alkane depends strongly on the size of the n-alkane. For each system studied it was observed that the excess molar volume is slightly skewed towards the benzene-rich region of the mole fraction. Calculated values of V E m compare well with those reported by Peńa and Delgado [16] for all mixtures, Calvar et al. [17] for benzene ? n-hexane, ?n-octane, and Letcher and Perkins [18] for benzene ? n-dodecane, ?n-hexadecane.
The excess molar volumes (V E m ) were fitted by the Redlich-Kister [19] polynomial equation:
where x 2 is the mole fraction of n-alkane.
The appropriate degree (n) of Eq. (2) was determined by standard deviation (r) being calculated as:
where N is the total number of experimental points; (n ? 1) is the number of coefficients (A i ) in Eq. (2) .
Calculated values of A i and r for all systems studied are given in Table 3 . Partial molar volume, V m,1 and V m,2 , of benzene (1) and n-alkanes (2), respectively, are given by:
where V m,1 * and V m,2 * are the molar volumes of the pure liquids (1) and (2), respectively. Combination of Eqs. (2), (4) and (5) leads to Eqs. (6) and (7) for V m,1 and V m,2 : Values of the partial molar volumes at infinite dilution, 
Apparent molar volumes of benzene V /,1 and apparent molar volume of n-alkanes V /,2 were calculated from experimental data using the following relations [21] :
Extrapolation of V /;1 to x 1 ! 0 and V /;2 to x 2 ! 0
give the values of the limiting apparent molar volumes V Table 4 . An examination of data in Table 4 (1) with ntetradecane(2) and n-hexadecane(2) at 298 K significant solute-solute and solvent-solvent interactions between like molecules in the mixture [22] .
Correlation equations for viscosity
Viscosity data are given in Table 5 as a function of the mole fraction of the n-alkane at 298.15 K. The viscosity deviation was calculated according to the following equation:
where g 1 , g 2 and g are the viscosities of component 1(benzene), component 2 (n-alkane) and the mixture, respectively. All mixtures deviate from ideality with a negative deviation, which indicate that dispersion forces are predominant between benzene and n-alkane [23] . 
2. Frenkel with the help of Eyring's model [25, 26] took into consideration the interaction between molecules and developed the following logarithmic relation for nonideal binary mixtures:
where, g 12 is a constant attributed to unlike pair interactions. Its value is obtained from the following equation:
3. Hind et al. [27] have suggested the following equation for the viscosity of binary liquid mixtures:
where, H 12 is the Hind interaction parameter and is attributed to unlike pair interactions, and other terms have their usual meaning. 4. Katti-Chaudhri equation is expressed as [28] :
where, W is the interaction energy parameter, V is the volume of the mixture, V 1 and V 2 are the volumes of component 1 and component 2, respectively. 5. Grunberg and Nissan [29] have formulated equation to assess the molecular interactions leading to viscosity changes:
where, G 12 is a constant, proportional to interchange energy, g is the dynamic viscosity and the subscripts 1, 2 and 12 stands for the pure components, benzene, nalkanes and mixtures, respectively. 6. Wilke [30] proposed the viscosity equation:
where, / 12 and / 21 are calculated by the following equations:
where, / and M are the volume fraction and molar mass, and the subscripts 1 and 2 stands for pure components benzene and n-alkane, respectively. Int J Ind Chem (2016) 7:391-400 395 
They introduce an exponential function of the mole fraction, x 2 , in Eq. 22 above, to yield:
which for n = 0 would be:
where, B 0 is the universal exponent constant.
The predicted values of viscosities of the binary mixtures, using Eqs. (13), (14), (16), (17), (18), (19) and (24), including standard deviation, at 298.15 K were compared with the experimentally measured values, and results are presented in terms of viscosity deviations (Dg) ( Table 5) .
Validity of aforementioned relations has been checked by calculating the viscosity deviations. The average percentage deviation (APD) between calculated and experimental viscosity values is calculated by [32] :
where N is the number of data points in each set. The interaction parameters of Eqs. (13), (14), (16), (17), (18), (19) and (24), along with APD and r values for all binary mixtures are presented in Table 6 . A careful perusal of [33] .
G 12 values are negative for all binary mixtures except for the two last ones (n-tetradecane ? benzene and nhexadecane ? benzene). The negative values of G 12 indicates the dominance of dispersion forces [34, 35] , while the positive values are attributed to the presence of strong specific interactions between the mixture components [36, 37] . B 0 values are positive for all binaries mixtures, B 0 [ 1 for mixtures where the sub index 1 represent the component of least viscosity (benzene ? n-decane, ?ndodecane, ?n-tetradecane, and ?n-hexadecane), whereas B 0 \ 1 for mixtures where the sub index 2 represent the component of least viscosity (benzene ? n-hexane, ?noctane). 
Conclusions
Excess molar volume have been calculated from the experimental viscosity data at 298.15 K for benzene ? nhexane, or ?n-octane, or ?n-decane, or ?n-dodecane, or ?n-tetradecane, or ? n-hexadecane binary mixtures.
The values of V m values were found to be positive over the whole composition range for all mixtures. Molar volumes and apparent molar volumes of both components in the mixture are larger than their respective values in the pure state. The order of interaction between benzene and n-alkanes follows the sequence: n-hexane\n-octane \ n-decane \ n-dodecane \ n-tetradecane \ nhexadecane, i.e., the interaction increase with increasing chain length of the n-alkane.
Moreover, an attempt has been made to check the suitability of empirical and semiempirical relations for experimental viscosities data of n-alkanes ? benzene fits by taking into account a number of empirical adjustment coefficients. The predicted viscosities show good accuracy in comparison with the experimental viscosities. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://crea tivecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. Table 6 Adjustable parameters of Eqs. (13), (14) , (16) , (17) , (18) , (19) and (24) 
